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Introduction
Laminar morphology is observed in various regions of the vertebrate brain such as the cerebral cortex, superior colliculus, and cerebellum, and it is most prominent in the human neocortex.
Reelin protein to its lipoprotein receptors, very low-density lipoprotein receptor (Vldlr) and apoE receptor 2 (Apoer2), induces phosphorylation of intracellular adaptor protein Disabled-1 (Dab1; Bock and Herz 2008) , and Dab1 phosphorylation relays signal transduction to downstream molecules (Howell et al. 2000) . Dab1 is the key molecule for orchestration of various downstream molecular events in the signaling pathway (Ayala et al. 2007; Hashimoto-Torii et al. 2008; Yano et al. 2010 ). Dab1 may be exclusively involved in Reelin signaling in the nervous system, because the morphological abnormalities in the brain of Dab1 and Reelin mutant mice are indistinguishable (Yamamoto et al. 2009 ). This Reelin-Dab1 axis of the signaling pathway is also important for normal synaptic function [for review, see Herz and Chen (2006) ].
Genetic association studies in human populations suggested that REELIN gene is strongly relevant to psychiatric disorders including schizophrenia (Akahane et al. 2002; Chen et al. 2002; Goldberger et al. 2005; Shifman et al. 2008; Liu et al. 2010; Greenbaum et al. 2011; Li et al. 2011; Verbrugghe et al. 2012) , autism (Persico et al. 2001; Serajee et al. 2006; Li et al. 2008; Kelemenova et al. 2010; Sharma et al. 2013) , and bipolar disorder (Goes et al. 2010; Kim and Webster 2010) . Postmortem studies of the patients with psychiatric disorders reported that expressions of REELIN mRNA and REELIN protein decreased in various brain regions, such as the prefrontal cortex, hippocampus, and cerebellum (Impagnatiello et al. 1998; Fatemi et al. 2000; Guidotti et al. 2000; Hong et al. 2000; Fatemi, Snow, et al. 2005; Torrey et al. 2005) . Reelin or Dab1 null mice may not be a suitable animal model for assessing behavioral outcomes to understand the relationship between Reelin-Dab1 signaling and some symptoms of psychiatric disorders because of their severe motor abnormalities attributed to the cerebellar atrophy (Gallagher et al. 1998; Jacquelin et al. 2013) . Heterozygous Reelin mutant (HRM) mice show no impairment in motor performance, and therefore, the HRM have been expected to be one of good genetic models for elucidating the Reelin functions in the brain and understanding the pathogenic mechanisms underlying the psychiatric disorders. However, the results of behavioral studies using the HRM mice are inconsistent and still controversial. Some studies reported that HRM mice showed behavioral abnormalities, including decreased anxiety-like behavior and deficits in prepulse inhibition (PPI) and learning behavior, compared with their control mice (Tueting et al. 1999; Krueger et al. 2006; Ognibene et al. 2007; Barr et al. 2008; Lussier et al. 2011) , whereas other studies did not find such behavioral differences (Salinger et al. 2003; Podhorna and Didriksen 2004; Qiu et al. 2006; Teixeira et al. 2011) . Recent studies have suggested the importance of Reelin signal in peripheral nervous system (Akopians et al. 2008 ) and nonneural tissues (Maurin et al. 2004; Khialeeva et al. 2011; Lutter et al. 2012; Díaz-Mendoza et al. 2013; García-Miranda et al. 2013 ) on physiological functions. Thus, to precisely evaluate Reelin signaling function in the brain, behavioral analyses of mutant mice lacking Reelin signaling pathway in forebrain neurons need to be performed.
In this study, we generated conditional knockout (cKO) mice lacking Dab1 gene specifically in the dorsal forebrain. This mutant exhibited abnormal cytoarchitecture in the cerebral cortex, which is indistinguishable from that observed in the conventional Dab1 null mouse strain, yotari, whereas morphology of the cerebellum was normal in the Dab1 cKO mice. Then, we performed a comprehensive battery of behavioral tests (Takao et al. 2007 ) on the Dab1 cKO mice. The obtained behavioral data revealed that Dab1 cKO mice showed hyperactivity, decreased anxiety-like behavior, and deficit in spatial reference and working memory. These results indicate that the Reelin-Dab1 signaling in the cortex can be an important molecular basis for the regulation of the behaviors.
Materials and Methods

Generation of Forebrain-Specific Dab1 Knockout Mice
To be consistent with the targeting design of previously generated Dab1 null strain , our targeting plasmid contains the third exon of Dab1 gene, which is flanked by 2 LoxP sites accompanying 6.14 kb downstream and 4.5 kb upstream genomic sequences for homologous recombination (Fig. 1A) . This DNA sequence was introduced by electroporation into RENKA ES cells, which were derived from C57BL/6N genetic background strain (Mishina and Sakimura 2007) . After positive and negative selections and confirmation of genome recombination by Southern blotting analysis (see Supplementary Fig. 1A ), selected ES cell lines were injected into blastocysts of ICR strain and implanted into the uterus of pseudopregnant mothers. The chimera animals were crossed with C57BL/6N mice, pups were genotyped by PCR, and the desired transgenic mutant line, floxed Dab1, was obtained. To achieve dorsal forebrain-specific Dab1-cKO, floxed Dab1 mice were crossed with Emx1-Cre transgenic strain (Iwasato et al. 2004; Kassai et al. 2008) . As Dab1 null conventional mutants, we used yotari (Dab1 yot/yot ) mice (Sheldon et al. 1997; Yoneshima et al. 1997) . PCR primers used for genotyping of the mice were floxed Dab1: CTCAGTGTCATTACTTGATGG and AGCTGCATATGAA AGCGAGG, yotari: GCCCTTCAGCATCACCATGCT, and CAGTGAGTA CATATTGTGTGAGTTCC, wild-type of Dab1 locus: GCCCTTCAGCA TCACCATGCT and CCTTGTTTCTTTGCTTTAAGGCTGT, and Emx1-Cre: ACCTGATGGACATGTTCAGGGATCG and TCCGGTTATTCAA CTTGCACCATGC (see Supplementary Fig. 1B ; Emx1-Cre). All animals were group-housed in plastic cages (3-4 mice per cage, including at least one of each genotype) with free access to food and water in a temperature-controlled room (23 ± 2°C) with a 12-h light/dark cycle. All experiments were carried out with approval of the Committee on Animal Care and Welfare, Kobe University Graduate School of Medicine and Fujita Health University.
Histology
Tissue preparation and sectioning were carried out as previously described (Imai, Yamamoto, Katsuyama, et al. 2012; . In brief, on postnatal day 20 (P20), mice were deeply anesthetized with pentobarbital, and were transcardially perfused with phosphate-buffered saline (PBS) and 4% paraformaldehyde (PFA) in 0.1 M PBS. The brains were removed and post-fixed with 4% PFA in 0.1 M PBS for 2 h, and were cryoprotected in 10% sucrose in PBS. The brains were coronally or sagittally sectioned at 40 µm thickness on a freezing microtome. The sections were collected and washed in 0.1 M PBS, immersed in blocking buffer (0.3% Triton in PBS containing 1% bovine serum albumin and 0.05% azide) for 1 h, and incubated with primary antibodies for 1 h at room temperature or for 1 day at 4°C. The antibodies were anti-Cux1 (rabbit polyclonal, 1 : 2000; Santa Cruz Biotechnology), anti-FOXP2 (rabbit polyclonal, 1 : 4000; Abcam), anti-Fluorogold (FG; rabbit polyclonal, 1 : 3000; Chemicon), and anti-calbindin (mouse monoclonal, 1 : 5000; Diagnostic Biosystems). For bright field observation, the sections were incubated with biotinylated secondary antibody (anti-rabbit IgG 1 : 1000; Vector), before incubation in the VECTASTAIN ABC Reagent (Vector Laboratories). The distribution of antigens was visualized by treatment with diaminobenzidine (DAB), and signals were enhanced by a cobalt and nickel intensification method . After washing in 0.1 M PBS, the sections were mounted on gelatin-coated slides, counterstained with 1% Methyl Green (Wako Pure Chemical Ind.), and coverslipped with HSR solution (Sysmex). The secondary antibodies used for ; Emx1-Cre (Dab1 cKO) at P1. Three pairs of cortices were prepared for each genotype. β-Actin was used as an internal control. (E) A quantitative analysis of Dab1 protein expression. Relative Dab1 expression level in each genotype was estimated using β-actin expression as an internal control.
fluorescent imaging were Alexa 488-or 594-biotinylated anti-rabbit IgG (1 : 1000, Invitrogen), and Alexa 594-biotinylated antimouse IgG (1 : 1000, Invitrogen). Counterstaining with DAPI was performed to identify individual cells. Sections were photographed using a fluorescent microscope BZ-9000 (Keyence). The distribution pattern of Cux1 or Foxp2 immunoreactive neurons in the cerebral cortex was analyzed as previously described (Dekimoto et al. 2010) .
Golgi impregnation was performed utilizing FD Rapid Golgi Staining Kit (FD Neurotechnologies) following manufacture's protocol. Stained tissues were embedded in 2% agarose, cut coronally at 150 µm thickness using Microslicer DTK-3000W (DOSA-KA EM) and mounted on gelatin-coated slides. Each brain region was identified according to the mouse brain atlas (Paxinos and Franklin 2001) .
Retrograde Labeling
For retrograde labeling of hippocampo-septal neurons, animals (Dab1 cKO, n = 3; yotari, n = 3; control, n = 3) on P20 were anesthetized with 3.5% chloral hydrate (1 mL/100 g body weight) and placed in a stereotactic apparatus (Narishige). A small burr hole was made at the skull using a dental drill, and 0.2 µl of 4% FG (Fluorochrome, LLC) was injected once into the lateral septal nucleus [anterior-posterior (AP), −0.15 mm; lateral-medial (LM), ±0.5 mm; dorsal-ventral, 3.0 mm] by a glass micropipette, as previously performed by Yamamoto et al. (2003) . After the injection, the glass micropipette was left in place for 5 min. Two days after the tracer injection, the animals were anesthetized, fixed by transcardial perfusion of 4% PFA in 0.1 M PB, and post-fixed. The sections were cut coronally on a freezing microtome at 40 µm thickness. After blocking, the sections were incubated in anti-FG antibody (rabbit polyclonal, 1 : 3000; Chemicon) and anti-calbindin (mouse monoclonal, 1 : 5000; Diagnostic Biosystems) for 1 h at room temperature, and then for 2 days at 4°C. For bright field observation, the sections were incubated in biotinylated anti-rabbit IgG (1 : 1000; Vector Laboratories, Burlingame, CA, USA) after primary antibodies incubation, immersed in the VECTASTAIN ABC Reagent (Vector), and then reacted in DAB with simultaneous cobalt and nickel intensification. The sections were mounted on glass slides pretreated with gelatin, counterstained with 1% Methyl Green solution (Wako Pure Chemical Ind.), and coverslipped with HSR solution. For retrograde labeling of cortico-spinal tract neurons, the dorsal aspect of the upper cervical cord of the animals was exposed after removal of the dorsal muscles, and 0.2 µL of 4% FG was injected through the atlantooccipital membrane. Two days later, the animals were sacrificed, and the brain was fixed by transcardial perfusion as described above. For retrograde labeling of callosal neurons, 0.1 µL of 1% Chorela toxin subunit B (CTB) was injected into the motor cortex of the left hemisphere (AP, −0.62 mm; LM, ±1.2 mm; −0.5 mm). Two days later, brain of the animals was dissociated and fixed as described above, and incubated in a graded series of sucrose solutions (10, 20, and 30%) . Sections at 40 µm thickness were incubated with anti-CTB monoclonal antibody (1 : 5000, List Biological Laboratory) for 4-12 h at room temperature, and then incubated with biotinylated goat IgG (1 : 100). Sections were reacted with avidin-biotin peroxidase complex (1 : 100), and visualized by the DAB-cobalt-nickel method.
Western Blot Analysis
The animals (Dab1 cKO, n = 3; yotari, n = 3; control, n = 3) were deeply anesthetized, and the cerebral and cerebellar cortices were rapidly dissected under the microscope. The cortical samples were then homogenized in 1% Triton X-100 in TNE buffer (10 mM Tris, 200 mM NaCl, and 1 mM EDTA), in which protease inhibitor cocktail tablets (Roche) were dissolved. After centrifuging (30 min, 20000x g at 4°C), the supernatants were mixed with 2× SDS-PAGE sample buffer [0.5 M Tris-HCl ( pH 6.8), sodium dodecyl sulfate, β-mercaptoethanol, glycerol, and bromophenol blue in distilled water], and heated for 5 min at 98°C. The protein extracts were run on the acrylamide gel using the electorophoresis system (AE-6500W, Atto Co.), and were transferred to PVDF membranes in Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). After blocking in 5% skim milk in PBS containing 0.05% Triton-X for 1 h, the membranes were immersed in PBS containing 0.05% Triton-X with anti-Dab1 (rabbit polyclonal, 1 : 10 000; Chemicon) or anti-β-actin (rabbit polyclonal, 1 : 7500; Cell Signaling) antibodies overnight at 4°C. The immunoreactive bands were detected using a peroxidase-conjugated anti-rabbit antibody (1 : 50 000, GE Healthcare) and ECL plus Western blotting detection system (GE Healthcare). The β-actin protein was used as an internal control. The chemiluminescent signals were detected by a luminescent imaging analyzer (LAS-3000, Fujifilm) and ChemiDock (Bio-Rad), and quantified using a Multi Gauge software (Fujifilm) or Image-j software. versity from Kobe University at 16-20 weeks of age and were allowed to acclimate for 2 weeks before testing. The behavioral tests were performed between 9:00 am and 6:00 pm in the following sequence: The neurological screening and neuromuscular strength, light/dark transition, open field, elevated plus maze, hot plate, social interaction in a novel environment, rotarod, sociability and social novelty preference, startle response/PPI, Porsolt forced swim, Y-maze, balance beam, Barnes maze, T-maze, tail suspension, contextual and cued fear conditioning, and 24-h home cage social interaction tests (Table 1) . These tests were performed at intervals of at least 1 day. Protocols of each behavioral test are provided in Supplementary Material. 
Behavioral Tests
Male Dab1 cKO (Dab1 −/− , Dab1
Results
The reeler Phenotype in the Cerebral Cortex and Normal Cerebellum in Dab1
The conventional null mutants of the Reelin-Dab1 signaling pathway are not good animals for multiple behavioral tests because of their cerebellar ataxia (see Supplementary Movie 1). Thus, we decided to construct forebrain-specific knockout mice. Because Reelin is a secreted protein that is broadly expressed throughout the brain, the Reelin signaling pathway in the dorsal forebrain can be potentially activated even in the mice with a dorsal forebrain-specific knockout of Reelin gene through the protein expressed and secreted from other brain regions. Furthermore, cortical interneurons, which strongly express Reelin, are derived from ventral part and migrate tangentially into the dorsal part of the forebrain. To completely disrupt the signaling pathway in the cerebral cortex, we focused on Dab1 protein, which is an essential intracellular component of the signaling pathway, and generated floxed Dab1 mouse lines (see Supplementary Fig. 1A ). The general appearance of the floxed Dab1 mice was normal (see . No significant differences were observed in the weights of body and brain among wild-type, heterozygous, and homozygous floxed Dab1 transgenic mice (see Supplementary  Fig. 1G ). The floxed Dab1 mice were crossed with Emx1-Cre transgenic line ( Fig. 1A and Supplementary Fig. 1B ), in which Cre recombinase is expressed specifically in the dorsal forebrain from the beginning of the corticogenesis (Iwasato et al. 2004 ). We first examined the expression of Dab1 protein in the brain of the Dab1 homozygous cKO (Dab1 floxed/floxed ; Emx1-Cre) and confirmed that the Dab1 (80 kDa) was normally expressed in the cerebellum, while Dab1 expression was markedly decreased in the cerebral cortex (Fig. 1B,C) . Teixeira et al. (2014) reported that their floxed Dab1 mice are hypomorphic, showing perinatal reduction of Dab1 expression (difference in Dab1 expression level between wild-type and their floxed Dab1 cortices was biggest at P1) and ectopic cell layer above the CA1 pyramidal cell layer of the hippocampus. We examined Dab1 expression in our floxed Dab1 mice at P1. The cerebral cortices were dissected from P1 pups derived from wild-type C57BL/6 parents, which had no modification in Dab1 locus (indicated as the upper-most line of Fig. 1A ). Also, the cortices were obtained from P1 pups derived from mating of Dab1 floxed/floxed and Dab1 floxed/floxed ; Emx1-Cre. The protein extracts of the 3 pairs of the cortices were loaded on the acrylamide gel, and blotted on the membrane, and Dab1 protein was detected using anti-Dab1 antibody (Fig. 1D ). To precisely compare expression level of Dab1 protein, we reprobed the same membrane using anti-β-actin antibody (Fig. 1D ). The same experiments were repeated 3 times, and relative expression level of Dab1 in each lane was estimated referring to intensity of the bands of β-actin expression (Fig. 1E ). This quantitative analysis of Dab1 expression in the cerebral cortex indicated that introduction of LoxP sequences and Neomycin gene into the Dab1 locus in our mice did not affect Dab1 expression level. In fact, we never saw ectopic cell layer reported by Teixeira et al. (2014) (see Supplementary Fig. 7a ). Thus, we concluded that our floxed Dab1 transgenic allele is not hypomorphic. Although Dab1 null mutant mice (yotari) exhibited severe cerebellar atrophy (Fig. 2C,F and Supplementary Fig. 2 ), Dab1 −/− cKO and control mice had a highly foliated cerebellum ( Fig. 2A,B and Supplementary Fig. 2 ). The cerebellum of Dab1 −/− cKO mice had a line of Purkinje cells between the molecular and granule cell layers and its well-developed dendrites, which were indistinguishable from those of control mice ( Fig. 2A,B ,D,E and Supplementary Fig. 3 ). Consistent with these histological observations, Dab1 −/− cKO did not exhibit cerebellar ataxia, and quite normally moved around (see Supplementary Movie 2). The cytoarchitecture of the cerebral cortex of Dab1 −/− cKO, yotari, and control mice, was immunohistochemically examined. The upper (II-IV) and deep (V and VI) layer neurons were marked by expression of Cux1 (Nieto et al. 2004 ) and FoxP2 (Ferland et al. 2003) , respectively (see Supplementary Fig. 4 ). The distribution pattern of Cux1-and FoxP2-positive cells along the radial axis of the somatosensory cortex (from the pial surface to the white matter) indicated that malpositioning of the cortical neurons is similarly caused in Dab1 −/− cKO and yotari mice, exhibiting typical reeler phenotype ( Fig. 2G ,H; Katsuyama and Terashima 2009; Dekimoto et al. 2010) . We examined connections of pyramidal neurons in the neocortex. Contralateral injection of CTB (Terashima et al. 1985; Imai, Yamamoto, Katsuyama, et al. 2012 ) labeled Cux1-expressing cells in the Dab1 −/− cKO neocortex (see Supplementary   Fig. 5 ), indicating that malpositioned Cux1-expressing cells can send commissural fibers to the contralateral cerebral hemisphere. Injection of FG into the spinal cord labeled layer V cortico-spinal tract neurons in the somatosensory cortex in control mice (Terashima et al. 1983; Yamamoto et al. 2003 ; Supplementary Fig. 6A,D) , whereas the retrogradely labeled neurons were radially scattered in Dab1 −/− cKO mice (see Supplementary Fig. 6B ,E)
as in the case of yotari mice (see Supplementary Fig. 6C,F) . Furthermore, we investigated the hippocampal morphology in control and Dab1 −/− cKO mice, which were reported to be disrupted in yotari and reeler mice (Coulin et al. 2001; Yamamoto et al. 2009 ). DAPI (Fig. 2I ,J) and Nissl (see Supplementary Fig. 7A ,B) staining showed that the laminar structure of the cornu ammonis (CA1-3) and dentate gyrus is disrupted in Dab1 −/− cKO mice. To trace the neuronal connections of hippocampal formation, FG was injected to the lateral septal nucleus that receives major afferent projections from the pyramidal neurons of the CA through the fornix (Ino et al. 1987; Jakab and Leranth 1995; . FG-positive neurons were observed in the CA2-CA3 region in the control mice ( Fig. 2K ; ). In the Dab1 −/− cKO mice, the FG-positive neurons were found in the area corresponding to the CA2-CA3, although they dispersed along the radial axis of the CA (Fig. 2L) . We also examined synaptic connection of these FG-positive neurons by immunostaining for calbindin, which is highly expressed in the mossy fiber terminals in the hippocampal stratum lucidum (Baimbridge and Miller 1982; Chard et al. 1995; Lein et al. 2004 ). Calbindinimmunoreactive cells were observed surrounding FG-positive neurons both in the control (Fig. 2M ) and Dab1 cKO (Fig. 2N) mice, suggesting that malpositioned CA2-CA3 pyramidal neurons in Dab1 cKO can normally send axons to the septal nucleus and form neuronal connections with mossy fibers from the dentate gyrus. These observations indicate that the morphological features of the cerebral cortex, malposioning of neurons, in Dab1 −/− cKO mice, are indistinguishable from those of yotari Dab1 cKO Mice Display Normal General Health, Neurological Reflex, and Sensory Ability
To assess Dab1 function in the dorsal forebrain in the mouse behaviors, we performed a battery of behavioral tests in Dab1 −/− ,
Dab1
+/− (cKO), and control mice, and compared the behaviors of the 3 genotypes of mice. There were no significant differences in body weight ( Fig. 3A ; F 2,50 = 2.161, P = 0.1258), neuromuscular strength (grip strength, Fig. 3C ; F 2,50 = 1.15, P = 0.3248; wire hang latency, Fig. 3D ; F 2,50 = 0.703, P = 0.4998), and sensitivity to a painful stimulus ( Fig. 3E ; F 2,49 = 2.089, P = 0.1347) among the 3 genotypes. Rectal temperature of Dab1 −/− mice did not differ from that of control mice, although it was higher in Dab1 +/− mice than that in other 2 genotypes ( Fig. 3B ; F 2,50 = 3.66, P = 0.0329). The temperature of mouse measured finally is reported to be higher than that of the first mouse, when the rectal temperature of group-housed mice is measured sequentially (Zethof et al. 1994 ). The present data showed that there was a positive correlation between testing order and rectal temperature (r = 0.487, P = 0.0002), and ANCOVA with testing order as a covariate indicated no significant effect of genotype on rectal temperature (F 2,47 = 0.627, P = 0.5384). These results indicate that Dab1 cKO mice showed no obvious differences in their general health compared with control mice.
Dab1 cKO Mice Exhibit Normal Motor Function
Motor coordination and balance were evaluated in the accelerating rotarod test and balance beam test. For the rotarod performance, there was no significant difference between Dab1 +/− and control mice, and Dab1 −/− mice showed significantly increased latency to fall from the rod compared with the mice of other genotypes ( Fig. 3F ; Genotype, F 2,48 = 6.145, P = 0.0042; Genotype × Trial, F 10,240 = 1.059, P = 0.3952). In the balance beam test, there were also no significant genotype differences in the latency to reach goal box in the wide beam (Genotype, F 2,42 = 0.99, P = 0.3801; Genotype × Trial, F 10,210 = 1.326, P = 0.2179) and narrow beam (Genotype, F 2,32 = 1.23, P = 0.3057; Genotype × Trial, F 10,160 = 0.322, P = 0.9744; Fig. 3G ), moving speed (cm/s) in the wide beam (Genotype, F 2,42 = 1.194, P = 0.313; Genotype × Trial, F 10,210 = 0.681, P = 0.7419), and narrow beam (Genotype, F 2,32 = 0.745, P = 0.4828; Genotype × Trial, F 10,160 = 0.798, P = 0.6307; Fig. 3H ), or number of slips in the wide beam (Genotype, F 2,42 = 0.532, P = 0.5912; Genotype × Trial, F 10,210 = 0.719, P = 0.706) and narrow beam (Genotype, F 2,32 = 0.002, P = 0.9977; Genotype × Trial, F 10,160 = 0.73, P = 0.6958; Fig. 3I ). These data indicate that Dab1 deficiency in the dorsal forebrain induces no change in motor functions.
Dab1 Homozygous cKO Mice Show Increased Locomotor Activity and Reduced Anxiety-Like Behavior
The open field, light/dark transition, and elevated plus maze tests were carried out to assess locomotor activity and anxietylike behavior. In the open field test, Dab1 −/− mice traveled significantly longer than control mice during the first 60 min of the test Fig. 4C ; F 2,50 = 2.732, P = 0.0748; vs. con, P = 0.0259), although statistically significant difference among the 3 genotypes was not found for the total 120-min period (Genotype, F 2,50 = 1.171, P = 0.3183; Genotype × Block, F 46,1150 = 0.547, P = 0.9942). There were no statistical differences in the vertical activity ( Fig. 4B ; Genotype, F 2,50 = 1.202, P = 0.3091; Genotype × Block, F 46,1150 = 0.891, P = 0.68) or stereotypic counts ( Fig. 4D ; Genotype, F 2,50 = 0.946, P = 0.3951; Genotype × Block, F 46,1150 = 0.532, P = 0.9958) among the 3 genotypes. In the light/dark transition test, Dab1 −/− mice traveled longer than control and Dab1 +/− mice ( Fig. 4E ; for the dark chamber: , P = 0.1214). There were no significant differences in time spent in the light chamber ( Fig. 4G ; F 2,50 = 2.161, P = 0.1258) or total number of transitions between the chambers ( Fig. 4H ; F 2,50 = 2.027, P = 0.1424) among the genotypes.
In the elevated plus maze test, Dab1 −/− mice traveled significantly longer distance ( Fig. 4I ; F 2,49 = 12.481, P < 0.0001 vs. Dab1
+/− , P = 0.0022 vs. Con, P < 0.0001) and exhibited significantly more total entries ( Fig. 4J ; F 2,49 = 14.738, P < 0.0001 vs. Dab1 and control mice, whereas there were no significant differences in the behavioral indices between Dab1 +/− and control mice.
Dab1 Homozygous cKO Mice Tend to Show Decreased PPI
Acoustic startle response and PPI tests were performed to evaluate sensorimotor gating of Dab1 cKO mice. There were no significant differences in the acoustic startle responses to 110 or 120 dB sound stimuli among the 3 genotypes of mice ( Fig. 5A ; Genotype, F 2,46 = 0954, P = 0.3928; Genotype × Sound stimulus, F 2,46 = 0.779, P = 0.4649). Dab1 −/− mice showed reduced PPI of the startle response than Dab1 +/− and control mice at the prepulse level of 74 dB (Fig. 5B , 74-110 and 74-120 dB: Genotype, F 2,46 = 2.987, P = 0.0603; Genotype × Sound stimulus, F 2,46 = 0.058, P = 0.9437; vs. Dab1 +/− , P = 0.0263 and vs. Con, P = 0.0802), whereas there were no significant genotype effects in the PPI among 3 genotypes of mice at the prepulse level of 78 dB (Fig. 5B , 78-110 and 78-120 dB: Genotype, F 2,46 = 0.572, P = 0.5684; Genotype × Sound stimulus, F 2,46 = 0.284, P = 0.7541). for distance traveled, P = 0.0002 and 0.0597, respectively), especially during the first 2 min (immobility, Genotype, F 2,48 = 13.317, P < 0.0001; distance traveled, Genotype, F 2,48 = 8.376, P = 0.0008). These observations suggest that Dab1 cKO mice exhibit decreased depression-like behavior, although it might be resulted from their hyperactive phenotype. Furthermore, the lower level of immobility during the first 2 min of the test suggests impairment of memory for the testing situation in Dab1 cKO mice.
Reduced Immobility of
In the tail suspension test, significant differences in the immobility among genotypes were found ( Fig. 6C ; Genotype, F 2,48 = 3.366, P = 0.0429; Genotype × Time, F 18,432 = 1.017, P = 0.4384). The immobility time of Dab1 −/− mice did not significantly differ from that of control mice, and Dab1 +/− mice were less immobile than control and Dab1 −/− mice (P = 0.0448 and 0.0154, respectively).
Although these results did not show any trend toward reduction of immobility in a dose-dependent manner of Dab1 gene, which seems to be inconsistent with the findings of the Porsolt forced swim test, the results from the 2 different tests support the overall conclusion that reduced Dab1 expressions in the forebrain induce decreased immobility.
Impairment of Working Memory and Reference Memory in Dab1 cKO Mice
Y-maze and T-maze spontaneous alternation tests were performed to assess working memory. Although there were no significant genotype differences in the percentages of spontaneous alternation in the Y-maze test at the age of 5-6 months ( Fig. 7A ; F 2,48 = 2.06, P = 0.1385) or in the T-maze test at the age of 8-9 months ( Fig. 7B ; Genotype, F 2,48 = 1.558, P = 0.2211; Genotype × Session, F 4,96 = 0.338, P = 0.8518), Dab1 −/− mice tended to show lower percentages of spontaneous alternation than control mice (Y-maze test, P = 0.0788; T-maze test, P = 0.1179). Furthermore, T-maze test was also performed to reassess working memory of Dab1 cKO mice at the age of 15-16 months. Dab1 −/− mice showed a significantly lower percentage of correct responses than control mice ( Fig. 7C ; Genotype, F 2,29 = 4.171, P = 0.0256; Genotype × Session, F 4,58 = 0.39, P = 0.8148 vs. Con, P = 0.0077) while there were no significant differences in the correct responses between Dab1 −/− and Dab1 +/− mice or between Dab1 +/− and control mice. These observations suggest that Dab1 deficiency can induce working memory deficits.
In the Barnes maze test, during the training trials, Dab1
−/− mice made significantly more number of errors to reach the target ( Fig. 7E ; Genotype, F 2,48 = 4.644, P = 0.0143; Genotype × Block, F 12,288 = 0.769, P = 0.6819) and traveled longer distance to reach the target ( Fig. 7F ; F 2,48 = 7.569, P = 0.0014; Genotype × Block, F 12,288 = 0.693, P = 0.7579) than control mice (for number of errors, P = 0.0037; for distance traveled, P = 0.0003). For the latency to reach around the target, there were no significant differences among the 3 genotypes ( Fig. 7D ; F 2,48 = 0.256, P = 0.7753; Genotype × Block, F 12,288 = 1.516, P = 0.1175). Approximately 1 and 30 days after the last training, the probe tests were conducted to assess spatial memory. Dab1 −/− mice tended to spend less time around target hole than control mice ( Fig. 7G ; Genotype, F 2,48 = 2.782, P = 0.0719; Genotype × Block, F 2,48 = 0.577, P = 0.5656 vs. Con, P = 0.0265 vs. Dab1 +/− , P = 0.1325). To further assess selective searching for the target hole, we calculated ratio of time spent around target hole [formula: ratio = (time spent around a target hole/total time spent around holes)]. Dab1 −/− mice showed significantly lower ratio of time spent around the target than control mice 1 day after learning, whereas difference between the 3 genotypes become statistically insignificant 30 days later ( Fig. 7H ; Genotype, F 2,46 = 4.274, P = 0.0198; Genotype × Block, F 2,46 = 0.157, P = 0.8554 vs. Con, P = 0.0058 vs. Dab1 +/− , P = 0.1023). These data indicate that Dab1 deficiency in the forebrain is associated with deficits in spatial reference memory.
Dab1 cKO Mice Show Decreased Freezing Behavior During Fear Conditioning Test
In the contextual and cued fear conditioning test, mice received a footshock (unconditioned stimulus) following an auditory cue (conditioned stimulus; CS) 3 times during the conditioning session (Fig. 8A ). There were no significant effects of genotype on the distance traveled during each footshock ( Fig. 8B ; for footshock 1, F 2,48 = 0.142, P = 0.8676; for footshock 2, F 2,48 = 2.599, P = 0.0848; for footshock 3, F 2,48 = 0.85, P = 0.4339), indicating no differences in the sensitivity to a painful stimulus among the 3 genotypes. During the conditioning, Dab1 −/− mice exhibited significantly lower freezing than control mice ( Fig. 8A ; F 2,48 = 3.853, P = 0.0281 vs. Con, P = 0.0079), whereas Dab1 +/− mice showed no significant difference in freezing compared with Dab1 −/− and control mice (P = 0.2833 and 0.1881, respectively). Approximately 24 h after the conditioning, to assess contextual memory, mice were placed into the same conditioning chamber (context test). Dab1 −/− mice showed significantly lower freezing than control and Dab1 +/− mice in the context test ( Fig. 8C ; F 2,48 = 11.799, P < 0.0001 vs. Con, P < 0.0001 vs. Dab1
, P = 0.0032), and no significant difference in freezing was found (P = 0.3133) between Dab1 +/− and control mice. In the cued test, there were no significant differences among the 3 genotypes during pre-CS (F 2,48 = 1.928, P = 0.1565) and CS periods ( Fig. 8D ; F 2,48 = 1.741, P = 0.1862). To further evaluate the memory retention, 30 days after the conditioning, mice were placed in the same conditioning chamber. Freezing in Dab1 −/− mice was significantly lower than that of control mice ( Fig. 8E ; F 2,48 = 5.43, P = 0.0075 vs. Con, P = 0.0021), and Dab1 +/− mice exhibited lower freezing than control mice (P = 0.0721). Then, in the cued test, Dab1 −/− mice showed significantly lower freezing than control mice before CS presentation (F 2,48 = 4.73, P = 0.0133 vs. Con, P = 0.0036), whereas no significant differences in freezing were observed among the 3 genotypes during CS presentation ( Fig. 8F ; F 2,48 = 2.31, P = 0.1101). Dab1 −/− mice exhibited increased locomotor activity in the test described above.
To avoid the possible influence of the activity on freezing behavior, we reassessed the fear conditioning test by using activity suppression ratio ( = activity during testing/activity during baseline + activity during testing) as a secondary index of fear comparable to freezing (e.g., Anagnostaras et al. 2000; Frankland et al. 2001) . For the context test, Dab1 −/− mice showed slightly higher activity suppression ratio than control mice ( Fig. 8G ; P = 0.0238), although there was no significant effect of genotype on the activity suppression ratio (Genotype, F 2,48 = 2.914, P = 0.0639; Genotype × Time, F 1,48 = 0.993, P = 0.3778). There were also no significant effects of genotype on the activity suppression ratio in the cued test during the pre-CS period ( Fig. 8H ; Genotype, F 2,48 = 0.653, P = 0.5251; Genotype × Time, F 1,48 = 2.175, P = 0.1247) or during CS ( Fig. 8I ; Genotype, F 2,48 = 1.198, P = 0.3106; Genotype × Time, F 1,48 = 0.149, P = 0.8618). The reduced level of freezing and increased activity suppression ratio of Dab1 −/− suggest that Dab1 −/− mice have a reduced fear response to the context and exhibit a contextual fear memory deficit.
Dab1 cKO Mice Show Normal Social Behavior
In the social interaction test in a novel environment (see Supplementary Fig. 8A-E ), there were no significant differences in the total duration of contacts (see Supplementary Fig. 8A ; F 2,23 = 0.182, P = 0.8345), number of contacts (see Supplementary  Fig. 8B ; F 2,23 = 1.71, P = 0.203), total duration of active contacts (see Supplementary Fig. 8C ; F 2,23 = 1.799, P = 0.188), and mean duration per contact (see Supplementary Fig. 8D ; F 2,23 = 1.186, P = 0.3235) among 3 genotypes of mice. During the test, Dab1
−/− mice traveled longer distance than Dab1 +/− and control mice (see Supplementary Fig. 8E ; F 2,23 = 6.543, P = 0.0056 vs. Dab1 +/− , P = 0.0427 vs. Con, P = 0.0017).
In the sociability test in the three-chambered box (see Supplementary Fig. 8F-I ), Dab1 cKO mice spent more time in chamber with stranger 1 than in chamber with the empty cage (see Supplementary Fig. 8F ; Dab1 −/− , P = 0.0068; Dab1 +/− , P = 0.0189; Con, P = 0.0818) or time spent around the cage with stranger 1 than around the empty cage (see Supplementary Fig. 8G ; Dab1 −/− , P < 0.0001; Dab1 +/− , P = 0.0377; Con, P = 0.1533). There were no significant genotype differences in the ratio of time spent in chamber with stranger 1 (see Supplementary Fig. 8H ; F 2,48 = 0.279, P = 0.758) or in the ratio of time spent around cage with stranger 1 (see Supplementary Fig. 8I ; F 2,48 = 0.143, P = 0.8668). For the social novelty preference test, there were no significant differences between times spent in chamber with stranger 1 (a familiar mouse) and stranger 2 (see Supplementary Fig. 8J ; Dab1 −/− , P = 0.0721; Dab1 +/− , P = 0.2129; Con, P = 0.9809) or between times spent around cage with stranger 1 (familiar) and stranger 2 (see Supplementary Fig. 8K ; Dab1 −/− , P = 0.079; Dab1 +/− , P = 0.1871;
Con, P = 0.2221) in each genotype. There were no significant differences between 3 genotypes in the ratio of time spent in chamber with a stranger (see Supplementary Fig. 8L ; F 2,48 = 3.093, P = 0.0545). For the ratio of time spent around cage with a stranger (see Supplementary Fig. 8M ; F 2,48 = 3.514, P = 0.0377), Dab1 −/− mice showed a higher ratio of time spent around cage with a stranger than Dab1 +/− mice (P = 0.0109).
To evaluate social interaction in home cage (see Supplementary Fig. 8N,O) , 2 mice of the same genotype that had been housed separately were placed into the cage and were monitored for 1 week. The mean number of activity level and particle detected over the last 3 days were calculated. There were no significant genotype differences in activity level (see Supplementary  Fig. 8N ; Genotype, F 2,21 = 2.042, P = 0.1547; Genotype × Time, F 46,483 = 0.956, P = 0.5569). These results indicate that hyperactivity of Dab1 −/− mice could be induced by an unfamiliar environment. The significant effect of genotype was found in the particle detected (see Supplementary Fig. 8O ; Genotype, F 2,21 = 2.665, P = 0.093; Genotype × Time, F 46,483 = 1.879, P = 0.0007). The mean number of particle detected in Dab1 +/− mice was significantly more than that in the other genotypes of mice only during the light phase (Genotype, F 2,21 = 4.886, P = 0.0181; Genotype × Time, F 22,231 = 1.733, P = 0.0249 vs. Dab1 −/− , P = 0.0091 vs. Con, P = 0.0104).
Discussion
Genetic and biochemical analyses of postmortem brain of patients with psychiatric disorders suggested that disruptions of Reelin-Dab1 signaling in the brain are involved in the pathogenesis of schizophrenia, bipolar disorder, and autism (Impagnatiello et al. 1998; Fatemi et al. 2000; Guidotti et al. 2000; Knable et al. 2001; Eastwood and Harrison 2003; Abdolmaleky et al. 2005; Wedenoja et al. 2007; Seripa et al. 2008; Goes et al. 2010; Ovadia and Shifman 2011; Ayalew et al. 2012) . It is important to be experimentally verified whether the genetic and molecular abnormalities found in the human are causally related to the psychiatric disorders in the studies using animal models for knockout of a gene of interest. A large number of studies using conventional Reelin null mutant mice have reported critical roles of ReelinDab1 signaling in brain development and its functions, or learning and memory [reviewed in Stranahan et al. (2013) ]. However, the null mutant mice might be an inappropriate model for investigating the effects of Reelin-Dab1 signaling on brain functions and behaviors, because they showed a cerebellar atrophy resulting in severe motor dysfunction (Hamburgh 1963; Jacquelin et al. 2013) , which could possibly mask the precise effects of ReelinDab1 signaling in the brain on behaviors. In this study, we focused on the findings that expression of REELIN mRNA and protein are reduced in the cerebral cortex of the psychiatric patients (Impagnatiello et al. 1998; Fatemi et al. 2000; Guidotti et al. 2000; Hong et al. 2000; Fatemi, Snow, et al. 2005; Torrey et al. 2005) , we generated the dorsal forebrain-specific Dab1 cKO mice. We demonstrated that the Dab1 cKO mice have normal cerebellar development and normal motor function, and thus the Dab1 cKO mice can be used as a suitable animal model to assess the roles of the Reelin-Dab1 signaling in the brain regulating various behaviors. Our data confirmed that the expression level of the Dab1 protein in the cerebellar cortex and the morphology of the cerebellum were normal in the Dab1 cKO mice, in contrast to Dab1 null mutant (yotari) mice with cerebellar atrophy. Moreover, we demonstrated that Dab1 protein expression in the cerebral cortex was highly reduced in the Dab1 cKO mice, resulting in the abnormalities of cortical and hippocampal morphology. The malpositioning of the cortical neurons in Dab1 cKO mice was observed as similar to yotari mice, whereas the cortico-cortical and corticospinal connections appeared to be normal in Dab1 cKO mice. We also found the dispersed hippocampal CA2-3 pyramidal neurons with normally sending axons to the septal nucleus in Dab1 cKO mice. Similar results have been observed in other studies of Reelin null mutant mice (Terashima et al. 1983 (Terashima et al. , 1985 Yamamoto et al. 2003; Imai, Yamamoto, Katsuyama, et al. 2012; , indicating that Dab1 cKO mice show a typical reeler phenotype in the cortex and hippocampus. These morphological changes induced by the disruption of Reelin-Dab1 signaling could be associated with behavioral abnormalities.
A heterozygous reeler mutant mouse (HRM) has been proposed as a potential mouse model for investigating Reelin functions in the brain because of the moderate reduction of Reelin and no obvious motor deficit (Podhorna and Didriksen 2004) as is similar to the case of the patients with psychiatric disorders. Several research groups have reported that the HRM showed decreased anxiety-like behavior and deficits in PPI and cognitive function compared with the control mice (Tueting et al. 1999; Krueger et al. 2006; Qiu et al. 2006; Ognibene et al. 2007; Barr et al. 2008) . These findings suggest that Reelin haploinsufficiency induces several abnormal behaviors relevant to psychiatric disorders such as schizophrenia and bipolar disorder. However, the behavioral phenotypes of HRM remains controversial, because other studies have reported that there were no differences in behavioral phenotypes between HRM and the control mice (Salinger et al. 2003; Podhorna and Didriksen 2004; Krueger et al. 2006; Teixeira et al. 2011) . The inconsistent findings might be attributed to the methodological differences between the studies, and the lack of behavioral differences might be partly due to the potential compensatory effects of the remaining Reelin signaling. To understand the roles of Reeling signaling in the brain, recent studies have investigated the effects of Dab1 deficiency on brain development and behaviors. It has been reported that a transient Dab1 downregulation during perinatal stages caused spatial memory deficits (Teixeira et al. 2014) . Furthermore, Trotter et al. (2013) generated and characterized floxed Dab1; CaMKIIα-Cre mice, in which Cre recombinase expression starts almost exclusively in the forebrain after peri-weaning period. They found that their Dab1 cKO mice showed deficits in contextual fear memory and spatial memory but no change in anxiety-like behavior compared with wild-type control mice. Similar to our present study, these studies utilized floxed Dab1 mice independently generated by each group. In the present study, to assess various behaviors of Dab1 cKO mice in detail, we performed a comprehensive behavioral test battery that has been used to identify mouse models of psychiatric disorders (Takao et al. 2007 ). Unlike Dab1-deficient mice of Trotter et al. (2013) and Teixeira et al. (2014) , which postnatally reduced Dab1 expression to about half of normal level, our homozygous Dab1 cKO mice almost abolished Dab1 protein expression from the dorsal forebrain from embryonic stage. In our floxed Dab1 mice, the sequences introduced into Dab1 locus did not affect the expression level of Dab1 protein, allowing us to compare behaviors of Dab1 cKO (Dab1 floxed/floxed ; Emx1-Cre and Dab1 floxed/+ ; Emx1-Cre) and control (Dab1 floxed/floxed ) mice. Thus, our study can provide new findings regarding the roles of neuron-specific Reelin-Dab1 signaling in the dorsal forebrain. The present study revealed that Dab1 homozygous cKO mice showed no deficits in physical development, motor function, pain sensitivity, and social behaviors, but exhibited increased locomotor activity, and deficits in working, spatial, and contextual fear memory, which is consistent with the previous studies of Dab1-deficient mice (Trotter et al. 2013; Teixeira et al. 2014 ). These findings indicate that dorsal forebrain-specific deficiency of Reelin-Dab1 signaling is sufficient to cause behavioral abnormalities relevant to psychiatric disorders such as schizophrenia and bipolar disorder (Miyakawa et al. 2003; Powell and Miyakawa 2006) . Moreover, our data revealed that Dab1 heterozygous cKO mice showed reduced immobility in the Porsolt forced swim test and slight decreases in memory performance compared with the control mice, indicating that Dab1 haploinsufficiency in the dorsal forebrain induces decreased depression-like behavior and memory deficits. In the fear conditioning test, we found that Dab1 heterozygous cKO mice exhibited a similar level of freezing to control mice and more freezing than Dab1 homozygous cKO mice 24 h after the conditioning, but after 30 days they showed less freezing than control mice. In addition, Dab1 heterozygous cKO mice displayed intermediate levels of memory performance between control and homozygous Dab1 cKO mice in the T-maze test and Barnes maze test. These observations suggest that Dab1 haploinsufficiency or mild reduction of Dab1 expression causes contextual remote memory deficit. However, the other behavioral abnormalities including decreased anxiety-like behavior and decreased PPI, which have been reported in the heterozygous reeler mice (Tueting et al. 1999; Qiu et al. 2006; Ognibene et al. 2007; Barr et al. 2008) , were not found in Dab1 heterozygous cKO mice. These findings suggest that the haploinsufficiency of Reelin-Dab1 signaling in the forebrain causes mild memory impairments and has limited effects on anxiety-like behavior and sensorimotor gating.
Attempts to discover candidate genes related to psychiatric disorders have been intensively made so far. However, strong effects of a single gene on the disorders have not been found (Kukshal et al. 2012; Nakazawa et al. 2012; Posthuma and Polderman 2013) . It has been considered that complex interactions of genetic and environmental factors contribute to the development of psychiatric disorders (e.g., Geoffroy et al. 2013; Uher 2014) . In the HRM, chronic administration of corticosterone, which has been used to establish an animal model of chronic stress, induced behavioral alterations that were not observed under basal condition in HRM and Dab1 cKO mice (Lussier et al. 2011; Teixeira et al. 2014 ). These findings suggest that genetic disruption of the ReelinDab1 signaling, interacting with environmental factors, underlies the manifestation of some symptoms of psychiatric disorders. In the present study, age-dependent impairment in working memory was found in Dab1 cKO mice. This might be due to effects of cumulative experiences and/or stress during the behavioral test battery in addition to aging, although further study is needed to clarify the effects of gene-environmental interactions on brain development and behavior in the Dab1 cKO mice.
Structural abnormalities in the cortex and hippocampus have been reported in some patients of psychiatric disorders (Benes et al. 1986; Selemon et al. 1995; Limperopoulos et al. 2007; Rolls et al. 2008; Volk and Lewis 2010; Barch and Ceaser 2012) . For example, immunocytochemical studies of the postmortem brain from schizophrenia patients have indicated the cytoarchitectural abnormalities, such as decreased cortical size, increased cellular packing density, malpositioning of neurons, and disarray in neuronal orientation in the cortex (Arnold 1999; Miyamoto et al. 2003) . Reelin-Dab1 signal regulates neuronal migration and lamination in the neocortex during development (Sekine et al. 2014) . In adult brain, reelin is synthesized and secreted preferentially from cortical GABAergic interneurons (Alcántara et al. 1998) . It has been reported that genes and proteins expressed in GABAergic interneurons, including Reelin, GAD67, somatostatin, and GABA transporter, are reduced in the cortex of patients with schizophrenia (Lewis et al. 2005; Torrey et al. 2005; Lewis and Gonzalez-Burgos 2006; Nakazawa et al. 2012) . Our Dab1 −/− mice were confirmed to exhibit malpositioning of cortical and hippocampal neurons. These findings suggest that disruption of the Reelin-Dab1 signaling causes abnormal neuronal development and deficit in inhibitory GABAergic function in the cortex, leading to behavioral abnormalities such as hyperactivity and working memory deficit (Lewis et al. 2005) . It has been suggested that anatomical and functional abnormalities in the cerebellum are involved in the development of psychiatric disorders such as autism (Bauman and Kemper 2005; Amaral et al. 2008 ) and schizophrenia (Andreasen and Pierson 2008) . Impairments of Reelin signaling have been reported in the cerebellum of patients with autism (Fatemi, Snow, et al. 2005) and schizophrenia Maloku et al. 2010) . Our Dab1 cKO mice without apparent cerebellar abnormalities exhibited various behavioral deficits, suggesting that lack or reduction of the Reelin-Dab1 signaling in the cerebral cortex is sufficient to induce behavioral abnormalities related to psychiatric disorders.
Reelin-Dab1 signaling has critical roles in cortical development and brain functions. Our study revealed that the forebrain-specific Dab1 deficiency can cause abnormal behaviors, including decreased anxiety-like behavior and deficits in learning and memory. Interestingly, the effects of Dab1 deficiency on anxiety-like behavior were different between our and other groups' Dab1 mutants. Although our results of the elevated plus maze and open field tests suggested reduced anxiety in our Dab1 −/− mice, it was normal or decreased by postnatal Dab1 KO (Trotter et al. 2013; Teixeira et al. 2014) . A crucial difference between our and other groups' Dab1 cKO is that the laminar structure in the cerebral cortex is highly disrupted in our Dab1 cKO mice. In animals with highly laminated cortical structures, increased anxiety and higher cognitive functions can allow them to cope with the environmental challenges, probably having a considerable evolutionary significance for the survival of individuals. In conclusion, the present study suggests that abnormal development of laminated structures in the cerebral cortex by disruption of the Reelin-Dab1 signaling can cause behavioral deficits related to psychiatric disorders such as schizophrenia and bipolar disorder. These findings will provide important information for understanding the detailed roles of the Reelin-Dab1 signaling in the brain and exploring exact neurobiological mechanisms underlying psychiatric disorders.
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